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We describe swarming in Pseudomonas aeruginosa as a third mode of surface translocation in addition to the
previously described swimming and twitching motilities. Swarming in P. aeruginosa is induced on semisolid
surfaces (0.5 to 0.7% agar) under conditions of nitrogen limitation and in response to certain amino acids.
Glutamate, aspartate, histidine, or proline, when provided as the sole source of nitrogen, induced swarming,
while arginine, asparagine, and glutamine, among other amino acids, did not sustain swarming. Cells from the
edge of the swarm were about twice as long as cells from the swarm center. In both instances, bacteria
possessing two polar flagella were observed by light and electron microscopy. While a fliC mutant of P.
aeruginosa displayed slightly diminished swarming, a pilR and a pil4 mutant, both deficient in type IV pili, were
unable to swarm. Furthermore, cells with mutations in the las cell-to-cell signaling system showed diminished
swarming behavior, while rh/ mutants were completely unable to swarm. Evidence is presented for rhamno-
lipids being the actual surfactant involved in swarming motility, which explains the involvement of the
cell-to-cell signaling circuitry of P. aeruginosa in this type of surface motility.

Pseudomonas aeruginosa is a gram-negative bacterium living
in soil and aqueous environments, where it survives due to its
extraordinary metabolic abilities. P. aeruginosa is also a typical
opportunistic pathogen which colonizes the lungs of cystic fi-
brosis patients and causes severe infections in immunocompro-
mised hosts. Due to its notorious elevated intrinsic resistance
to antimicrobial agents and its ability to attach to and to form
biofilms on medical devices (9), P. aeruginosa is difficult to
eradicate in the hospital environment.

P. aeruginosa has a single polar flagellum which enables the
cell to swim in aqueous environments and in low-agar (<0.4%)
medium. The flagellum and the chemotaxis system, consisting
of chemoreceptors (11, 49) and a signal relay system similar to
that of Escherichia coli (25, 31), allow the bacterium to respond
to attractants and repellents. In addition, P. aeruginosa is able
to propagate at surface interfaces by twitching motility, which
is mediated by type IV pili (5, 12, 53). Twitching motility is
believed to result from the extension and retraction of the pilus
filament, which propels the cells across a surface. Pilus synthe-
sis and assembly require at least 40 genes which are located in
several unlinked regions on the chromosome (22). The nature
of the environmental signal that triggers the expression of pili
is not known. Pili are important for attachment to epithelial
cells (8, 17) and contribute to the virulence of P. aeruginosa in
animal models (19, 50, 51). Furthermore, twitching motility
and, hence, type IV pili are required for the formation of
biofilms on abiotic surfaces (38).

Besides swimming and twitching, several gram-negative bac-
teria are able to propagate on semisolid surfaces (i.e., 0.4 to
1.0% agar) in a coordinated manner by swarming motility.
Swarmer cells, which are usually elongated and hyperflagel-
lated, differentiate from vegetative cells probably by sensing
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the viscosity of the surface or in response to nutritional signals
(20).

In the present study, we demonstrate swarming of the nor-
mally polar, monotrichously flagellated bacterium P. aerugi-
nosa. The swarming process is induced on 0.5 to 0.7% agar
when certain amino acids are provided as the sole source of
nitrogen. We further show that swarmer cells of P. aeruginosa
are elongated and can possess two polar flagella. Unlike all
other swarming bacteria, P. aeruginosa also requires type 1V
pili for this type of motility. Our results suggest that rhamno-
lipids are the biosurfactant involved in swarming motility,
which indicates that this type of surface propagation is depen-
dent on the las and rhl cell-to-cell signaling circuitry.

MATERIALS AND METHODS

Bacteria and media. The strains used in this study are listed in Table 1. Swarm
agar was based on M9 salts (30) without NH,Cl (termed here M8 medium, for
convenience), supplemented with 0.2% glucose, 2 mM MgSO,, and trace ele-
ments (composition available upon request) and solidified with 0.5% agar.
Amino acids as a sole nitrogen source were added at a final concentration of
0.05%, unless otherwise indicated. After solidification, plates were briefly dried
and then inoculated by toothpick with individual colonies from a fresh Luria-
Bertani (LB) agar plate. Incubation was done at 37°C or as otherwise stated.
Rhamnolipid plates were prepared according to a previously described protocol
(46). The medium composition was modified, however: it was based on M8 salts
supplemented with 0.2% glucose (instead of 2% glycerol), 2 mM MgSO,, trace
elements, 0.0005% methylene blue, 0.02% cetyltrimethylammonium bromide,
and a nitrogen source and was solidified with agar (1.6% final concentration).
Plates were incubated at 37°C for 24 h and then at room temperature until the
appearance of a blue halo, indicating the production of rhamnolipids (usually
requiring a further 24 h for the wild-type strain).

Strain and plasmid constructions. Mutations in the cell-to-cell-signaling reg-
ulator genes were transferred from previously described strains into wild-type
strain PT5, using the transducing phage E79tv2 (33) in order to obtain isogenic
strains. Single colonies obtained by transduction were checked by Southern
hybridization using digoxigenin (Roche Diagnostics)-labeled DNA probes. The
lasR and lasI mutants were analyzed using a 2.1-kbp BamHI-Sphl DNA fragment
from pJMC30 containing las/ and the 3’ end of lasR (39), while rhlR and rhll
mutants were hybridized with a 3.5-kbp Bg/II fragment from pJPP6 containing
the rhlAB and rhIR genes. Genomic DNA from each strain was digested with
either PstI or Xhol. Southern hybridizations were carried out according to the
manufacturer’s protocols (digoxigenin system user’s guide; Boehringer Mann-
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TABLE 1. Bacterial strains and plasmids

Strain, plasmid, or phage Relevant characteristics® Source or
reference
P. aeruginosa
PT5 PAOI, wild type Laboratory
collection
PT454 PTS5ArAll::Tn501, transduced 6, this study

from PDO100

PT462 PT5rhIR::Tn501, transduced 6, this study
from PAO-JP3

PT466 PT5Alasl::Tc, transduced 42, this study
from PAO-JP1

PT498 PT5AlasR::Tc, transduced 42, this study
from PAO-JP3

PT610 PAK S. Lory

PT611 PAK-R1, pilR::Gm S. Lory

PTo612 PT5pilR::Gm, transduced 24, this study
from PAK-R1

PTo613 PAK-NP, pil4::Tc 45

PT623 PT5pilA::Tc, transduced from 45, this study
PAK-NP

PT688 PAO1fliC::Gm R. Ramphal

PT690 PT5/liC::Gm This study

PT711 PAO1ArhIA::Gm U. Ochsner

PT712 PT5ArhlA::Gm, transduced This study
from PT711

Plasmids

pMMB207 Broad-host-range vector, 32
Cm"

pKI23 ptac::pilR in pMMB67EH, 4
Ap*

p207R1 ptac:pilR in pMMB207, Cm"  This study

pJPP6 rhIABRI in pBSIISK+, Ap* J. P. Pearson

pIMC30 lasRI-carrying pUC 39
derivative, Ap"

Bacteriophage E79tv2  LPS-specific transducing 33

phage

¢ Tec, tetracycline; Cm, chloramphenicol; Ap, ampicillin; Gm, gentamicin; LPS,
lipopolysaccharide.

heim). Banding patterns of the transduced strains obtained after hybridization
were always identical to those of the original donor strains.

Plasmid p207R1 was constructed by ligating a 1.6-kbp EcoRI-BamHI DNA
fragment carrying the pilR gene on plasmid pKI21 into EcoRI-BamHI-cleaved
pPMMB207.

Electron microscopy. Cells from the swarm edge and from the swarm center
were deposited with a toothpick on a drop of water. Formvar (0.5%)-coated
75-mesh grids were placed on top of the drop for 15 to 20 s to allow the adhesion
of bacterial cells. Grids were then stained for 20 to 30 s with a freshly prepared
1% solution of potassium phosphotungstate (pH 7.0) and washed twice for 10 s
in a drop of water. The grid was air dried and examined on a Zeiss EM10
electron microscope at 60 to 80 keV. At least 10 fields of view were analyzed for
each sample from either the swarm edge or the swarm center.

Autoinducer assay. The presence of N-butyryl-homoserine lactone (C4-HSL)
in filtered culture supernatants was determined. Two milliliters of the superna-
tant was extracted twice with 2 ml of ethyl acetate (containing 0.01% acetic acid)
and analyzed using the previously described bioassay (42).

RESULTS

P. aeruginosa swarming is induced by amino acids. P. aerugi-
nosa is able to swim in a low-percentage agar (<0.4%) using its
single polar flagellum, and it propagates between the agar and an
artificial interface (usually a petri dish) by type IV pilus-mediated
twitching motility (5). After decreasing the agar concentration of
the twitching motility plates to 0.7%, we noticed that wild-type P.
aeruginosa strain PTS was able to propagate on the surface of the
agar in a manner similar to the typical swarming behavior de-
scribed for several gram-negative bacteria (20). When PTS was
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inoculated in the middle of a swarm agar plate (MS8-glucose-
glutamate—0.5% agar), the strain began to produce a fluid at the
point of inoculation after about 6 h of incubation at 37°C. After a
further 6 h, cells had propagated on the plate, forming dendritic
structures which covered the whole surface of an 8.5-cm petri dish
by 24 h. The same swarming phenotype was also observed with
PAOL strains from other laboratories. However, the P. aeruginosa
PAK strain showed only very weak surface propagation (data not
shown). Swarming usually requires the presence of Casamino
Acids or peptone in the swarm agar plates. Only Proteus mirabilis
has been shown to respond to a single amino acid, namely glu-
tamine, as an inducer of swarming motility (1). We therefore
tested all 20 amino acids, provided as the sole source of nitrogen
at a final concentration of 0.05%, for their ability to induce
swarming in P. aeruginosa. As shown in Table 2, a majority of
amino acids did not induce swarming, although they sustained
growth on these plates. The strongest response was obtained with
glutamate (Fig. 1) and aspartate. Swarming was dependent on the
amino acid concentration used. For both aspartate and glutamate,
swarming was observed at final concentrations between 0.01 and
0.1%. When ammonium chloride was provided as the sole nitro-
gen source (=5 mM), no swarming was observed. However, when
the ammonium chloride concentration was =1 mM, some swarm-
ing could be observed after prolonged incubation (>48 h).
Swarming was also dependent on the carbon source. For instance,
when aspartate served as a nitrogen source, glucose permitted
optimal cell propagation, while glycerol was less efficient and
succinate did not sustain swarming at all (Fig. 2). However, when
aspartate or glutamate served as both carbon and nitrogen
sources, no swarming was observed.

Swarming in P. aeruginosa requires both flagella and pili. So
far, swarming has been described as a phenomenon exclusively
requiring propulsion by flagella, which in E. coli (21), Serratia
marcescens, and P. mirabilis is linked to the differentiation into
swarmer cells, which is characterized by cell elongation and
hyperflagellation (20). Light microscopic analysis of P. aerugi-

TABLE 2. Rhamnolipid production and swarming as a function of
the amino acid provided as the sole nitrogen source”

Amino acid Swarming Rhamnolipid
Alanine * +
Arginine - -
Asparagine - -
Aspartate ++ ++
Cysteine * +
Glutamine - +
Glutamate ++ ++
Glycine + +
Histidine ++ ++
Isoleucine + ++
Leucine - +
Lysine * ++
Methionine - -
Phenylalanine - +
Proline + +
Serine * +
Threonine - +
Tryptophan - +
Tyrosine - +
Valine + +

“ Swarming and rhamnolipid production were determined as described in
Materials and Methods on M8-based minimal medium plates with glucose as the
carbon source and supplemented with the indicated amino acid at a final con-
centration of 0.05%. Swarm plates were incubated for 24 h at 37°C, while
rhamnolipid production was scored after incubation for 24 h at 37°C and 24 h at
room temperature. —, not detected; *, weak; +, intermediate; ++, strong.
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FIG. 1. Swarming in P. aeruginosa is induced by agar concentrations below 0.7% (A) and by specific amino acids (B). Colonies of wild-type strain PT5 from a fresh
LB agar plate were inoculated by toothpick into the middle of the swarm plates. In panel A the medium contained 0.2% glucose as the carbon source and 0.05% (wt/vol)
glutamate as the nitrogen source. Plates in panel B contained 0.02% glucose, a 0.05% concentration of the indicated amino acid as the nitrogen source, and 0.6% agar.

Plates were incubated for 24 h at 37°C.

nosa cells taken from the edge of a swarming colony showed a
significant proportion of highly motile cells which were approx-
imately twice as long as cells taken from the center of the
swarm. Further examination by electron microscopy confirmed
that a majority of cells from the swarm edge were elongated
(Fig. 3A). Surprisingly, some bacteria from both the center and
the swarm edge presented two flagella which were located at
one pole of the cell (Fig. 3B).

All previously described swarming bacteria are peritrichous,
while P. aeruginosa possesses only a single polar flagellum. We
therefore tested the swarming motility of a fliC mutant of P.
aeruginosa PAOL1 (kindly provided by R. Ramphal). This mu-
tant does not synthesize any flagella, as judged by flagellum
staining and observation under the light microscope. Interest-
ingly, the fliC transductant PT690 and the original fliC mutant
were unable to swim in 0.3% agar (Fig. 4) but were still able to
propagate on swarm plates, albeit to a lesser extent than the
wild type (Fig. 4). This suggests that swarming of P. aeruginosa
is not dependent exclusively on flagella. Besides flagella, P.
aeruginosa produces additional surface structures of which the

glucose

lycerol
 siveersl S

type IV pili are the best characterized. Since pili are respon-
sible for twitching motility (5, 12, 53), we analyzed their in-
volvement in swarming. To our surprise, we observed a com-
plete lack of swarming for the pilA mutant PT623 (Fig. 4) as
well as for the pilR mutant PT612 (data not shown), both of
which are completely deficient for the production of type IV
pili. Swarming, albeit at a lower level, could be restored in the
pilR mutant by introduction of the pilR-expressing plasmid
p207R1. This is the first report demonstrating the involvement
of pili in swarming motility.

Swarming is controlled by the las and rhl cell-to-cell signaling
system. In Serratia liquefaciens, Eberl et al. (14) have identified a
cell-to-cell signaling system, called swr, that is responsible for the
initiation of swarming. The swrl gene belongs to the fux/ class of
homoserine lactone synthases directing the production in S. /ig-
uefaciens of two autoinducers, N-butanoyl-L-homoserine lactone
and N-hexanoyl-L-homoserine lactone. P. aeruginosa possesses
two well-characterized cell-to-cell signaling systems, las (36, 39—
41) and rhl (6, 27), which contain the LasR and RhIR transcrip-
tional regulators, their cognate autoinducer synthases, Lasl and

P succinate AN

FIG. 2. Swarming is dependent on the carbon source. M8 swarm plates with aspartate as the nitrogen source were supplemented with either glucose, glycerol, or
succinate at a final concentration of 100 mM each. PT5 was inoculated in the center, followed by 24 h of incubation at 37°C.
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B Swarm center

—
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FIG. 3. Electron microscopy of PT5 cells taken from the swarm edge and the swarm center. (A) Elongated cells of approximately 3 to 4 um were observed at the
periphery of the swarming colony. (B) Smaller cells, of about 2 wm, were observed at the swarm center. A cell expressing two polar flagella is indicated by the arrow.
A few elongated cells from the swarm edge were also found to possess two flagella. Magnification is x8,500.

RhlI, and the corresponding signaling molecules, N-(3-oxo-dode-
canoyl)-L-homoserine lactone and C4-HSL, respectively. These
two regulatory networks control the expression of a number of
extracellular virulence factors, including elastase, alkaline pro-
tease, rhamnolipids, and pyocyanin (52). We tested whether the
las and rhl systems were also required for swarming in P. aerugi-
nosa. Isogenic derivatives of strain PT5 that had been inactivated
in either lasI, lasR, rhll, or rhIR were inoculated on a swarm plate.
While swarming by the lasR and las] mutants was reduced and

occurred only after prolonged incubation (>48 h), it was com-
pletely abolished in the rAlR and rhll mutants (Fig. 5). We con-
cluded that a factor under the control of the las and rAl systems is
required for swarming in P. aeruginosa. Rhamnolipid production
is mainly controlled by the rAl cell-to-cell signaling system (6, 34,
35), which regulates the transcription of the rhl4B operon, en-
coding rhamnosyltransferase. In order to test whether rhamno-
lipids are required for swarming, we inoculated the r4.4-deficient
strain PT712 and its parental wild-type strain, PTS, on a swarm
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FIG. 4. Swimming and swarming motilities in P. aeruginosa wild-type (WT) PT5 and its fliC and pilA mutant derivatives. Swimming plates were made of LB agar
with 0.3% agar. After inoculation, plates were incubated at room temperature for 24 h. Swarm plates were M8-glucose-glutamate plates containing 0.5% agar.

Incubation was done at 37°C for 24 h.

plate (Fig. 6). The rhlA mutant was completely deficient in swarm-
ing, although it produced wild-type levels of the C4-HSL autoin-
ducer (data not shown). Swarming of PT712 could be rescued by
coinoculation with the wild-type strain, since about 50% of the
colonies from the swarm edge were rhlA mutant colonies, as
identified by their gentamicin resistance. This observation clearly
designates rhamnolipids as the actual biosurfactant required for
swarming in P. aeruginosa and explains the absence of swarm-
ing in the rhl mutants.

Furthermore, we noticed a good correlation between rham-
nolipid production and swarming for the wild-type strain, PT5.
Glutamate, aspartate, proline, and histidine not only were ex-
cellent inducers of swarming motility but also yielded large
amounts of rhamnolipids in the plate assay when they were
provided as the sole nitrogen source (Table 2). In contrast,

PT454 rhll

PT466 las]

asparagine, glutamine, and arginine, which do not induce
swarming, also completely repressed the synthesis of rhamno-
lipids. Our results suggest a novel function for rhamnolipids in
P. aeruginosa, namely as a biosurfactant promoting surface
translocation on semisolid surfaces.

DISCUSSION

We show in this study that P. aeruginosa, already known for
its swimming and twitching motility, is also able to propagate
on semisolid surfaces by swarming. This makes P. aeruginosa
one of the rare bacteria to possess three types of motility.
Swarming, described so far only for peritrichously flagellated
organisms, requires in P. aeruginosa the interplay of several
features, namely amino acids as a nitrogen source, the pres-

PT462 rhiR

PT498 lasR

FIG. 5. Swarming requires the las and rhl cell-to-cell signaling systems. The las/, lasR, rhll, and rhIR mutants were inoculated on a swarm plate which was incubated
at 37°C for 24 and 48 h at room temperature. As a comparison, the wild-type strain, PT5, would have covered the whole plate by that time.
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PT712 rhiA

FIG. 6. Rhamnolipids are the biosurfactant required for swarming in P.
aeruginosa. The wild-type (wt) strain, PT5, and rhl4 mutant PT712 were inocu-
lated on a swarm plate and incubated at 37°C for 24 h.

ence of both flagella and type IV pili, and the secretion of
rhamnolipids as a surface-active compound.

The surprising finding that P. aeruginosa swarmer cells can
express two polar flagella is in agreement with a recent report
of a fleN mutant of P. aeruginosa (13) which was found to
express between three and six polar flagella. Although the fleN
mutant was nonmotile, this observation suggests that flagellum
number is indeed regulated in this organism. Swarming could
be a natural situation where flagellum upregulation could pro-
vide a more efficient propagation on semisolid surfaces. In-
deed, all swarming bacteria described so far are peritrichous or
are able to synthesize additional lateral flagella, as in the case
of Vibrio parahaemolyticus (3). That pili are required for
swarming is a completely novel observation among flagellated
bacteria. The polar type IV pili have been reported, so far, to
be involved only in twitching motility. In Myxococcus xanthus,
a nonflagellated organism, type IV pili are involved in gliding,
a type of surface propagation comparable to the twitching
motility described for P. aeruginosa and Neisseria gonorrhoeae.
It seems likely that the rectractable type IV pili of P. aeruginosa
assist the flagellum in surface propagation. Alternatively, the
pili could be involved in sensing the viscocity of the surface and
sending a signal for initiation of swarming.

During preparation of the manuscript, an article by Rashid
and Kornberg (44) also reported on swarming motility in P.
aeruginosa. These authors also demonstrated the presence of
two flagella and the elongation of swarmer cells. In contrast to
our findings, these investigators reported that a pil4 mutant
was not affected in swarming, while a fliC mutant was com-
pletely unable to swarm. Whether these results are due to
strain differences or to the medium used in the swarm assay is
unclear. One should also keep in mind that P. aeruginosa
strains can vary in the composition of the pilin (47) and fla-
gellum proteins (48), which could affect these types of motility.

In this study, we further demonstrate that swarming is regu-
lated by the availability of nitrogen. Glutamate, aspartate, histi-
dine, and proline provided as the sole nitrogen source were the
best inducers of swarming, while high NH, " concentrations (=5
mM) and the amino acids glutamine, asparagine, and arginine,
among others, completely prevented swarming of P. aeruginosa.
Rhamnolipid production is also subject to nitrogen regulation and
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requires the RpoN sigma factor (34). Although some rhamnolipid
production was detectable in our plate assay at NH, " concentra-
tions below 2 mM (unpublished results), this level of production
was not sufficient to promote swarming motility, which thus re-
quires the presence of specific amino acids. The response to these
amino acids could be mediated by the chemotaxis system of P.
aeruginosa, which is sensitive to several amino acids and small
peptides and is also subject to nitrogen regulation, probably at the
level of chemoreceptors and transducers (10). The chemotaxis
system, but not chemotaxis per se, previously has been demon-
strated to be required for swarming by E. coli (7).

It is tempting to speculate that nitrogen limitation might
affect pilus synthesis. Indeed, transcription of the pilin operon
PilABCD is controlled by the two-component regulatory system
pilS-pilR (22) and by the RpoN sigma factor (23), which is
involved in transcription of nitrogen-regulated genes. Further-
more, the pilE gene has been isolated, in a mutant unable to
assimilate or dissimilate nitrate (16). Thus, under N excess
conditions, pilus transcription could be reduced to levels pre-
venting swarming of P. aeruginosa. Recently, the global carbon
metabolism regulator Crc was also shown to be involved in type
IV pilus synthesis (37).

The inability of the rall and rhlR mutants to sustain swarm-
ing is unlikely to be caused by effects on flagellum synthesis,
since both i/ mutants are still able to swim (our unpublished
observation). However, an rAll mutant was reported to be
deficient in type IV-pilus-mediated twitching motility (15). Al-
though the synthesis of pili per se was not affected in the rhll
mutant, final surface piliation was decreased compared to that
in the wild type, suggesting an involvement of the 74/ cell-to-cell
signaling system in pilus assembly (15). The inability of the 7/
mutants to swarm could therefore be the result of both reduced
rhamnolipid production and decreased surface piliation.

Swarming is associated in several bacterial species with the
secretion of a surfactant which reduces friction between bac-
terial cells and surfaces. Examples of such biosurfactants are a
cell surface-attached polysaccharide in P. mirabilis (18) and a
secreted lipopeptide in S. liguefaciens (28). P. aeruginosa rtham-
nolipid is a biosurfactant involved in solubilization and degra-
dation of hydrocarbons (2). In conjunction with phospholipase
C, rhamnolipids also act as a hemolysin (29).

The fact that the rhl4 mutant, which produces normal
amounts of C4-HSL, is also unable to swarm suggests that
rhamnolipids per se are crucial to swarming motility in P.
aeruginosa. However, rhamnolipid production is regulated pre-
dominantly by the rAl system and partly also by the las system,
based on the cell-to-cell signaling hierarchical circuitry (26,
43). Indeed, production of rhamnolipids is also reduced in the
lasI and lasR mutants, which would explain the delayed swarm-
ing behavior observed in the las mutants. The cell-to-cell signaling
circuitry could therefore play a role in sensing nutrient deficiency
and inducing rhamnolipid production, which would allow the
bacteria to migrate towards nutrient-replete environments.

The fact that P. aeruginosa retains three types of motility
probably reflects the variety of its habitats. Swarming is cer-
tainly one possible mode for colonizing its natural environ-
ments, but swarming could also play a role in colonization in
vivo, where nitrogen availability might be a limiting factor.
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